The Jupiter-family comet 169P/NEAT (previously known as asteroid 2002 EX 12 ) has a dynamical association with the α-Capricornid meteoroid stream. In this paper, we present photometric observations of comet 169P/NEAT to further investigate the physical characters of its disintegration state related to the stream. The comet shows a point-like surface brightness profile limiting contamination due to coma emission to ∼4% at most, indicating no evidence of outgassing. An upper limit on the fraction of the surface that could be sublimating water ice of <10 −4 is obtained with an upper limit to the mass loss of ∼10 −2 kg s −1 . The effective radius of nucleus is found to be 2.3 ± 0.4 km. Red filter photometry yields a rotational period of 8.4096 ± 0.0012 hr, and the range of the amplitude 0.29 ± 0.02 mag is indicative of a moderately spherical shape having a projected axis ratio ∼1.3. The comet shows redder colors than the Sun, being compatible with other dead comet candidates. The calculated lost mass per revolution is ∼10 9 kg. If it has sustained this mass loss over the estimated 5000 yr age of the α-Capricornid meteoroid stream, the total mass loss from 169P/NEAT (∼10 13 kg) is consistent with the reported stream mass (∼ 10 13 -10 15 kg), suggesting that the stream is the product of steady disintegration of the parent at every return.
INTRODUCTION
Comet 169P/NEAT has been identified as the parent body of the α-Capricornid meteoroid stream (Brown et al. 2010; Jenniskens & Vaubaillon 2010) . The semimajor axis, eccentricity, and inclination of 169P/NEAT are 2.604 AU, 0.767, and 11.
• 31, respectively (NASA JPL HORIZON), corresponding to a Tisserand parameter T J = 2.89, and it is classified as a member of the Jupiter-family comets (JFCs; Levison 1996) . The perihelion distance q ∼0.61 AU and the short orbital period P orb ∼4.2 yr suggest the rapid sublimation of volatiles from the surface.
The typical timescale for losing ices from kilometer-sized nuclei of comets is shorter than the median dynamical lifetime of JFCs (τ JFC ∼ 3.3 × 10 5 yr) (Levison & Duncan 1994) , which implies a large number of dead or dormant JFCs should exist. Indeed, the number of dead or dormant comets "hidden" among the near-Earth object population has been estimated to be 6%-50% (Wetherill 1988; Harris & Bailey 1998; Fernández et al. 2001 Fernández et al. , 2002 Bottke et al. 2002; Weissman et al. 2002; DeMeo & Binzel 2008 ) and they are not easily distinguishable from ordinary asteroids (Jewitt 2004 ). An example is the nearly dead JFC: D/1819 W1(Blanpain) (recovered as asteroid 2003 WY 25 ), thought to be related to the Phoenicids meteoroid stream (Watanabe et al. 2005; Jenniskens & Lyytinen 2006; Sato & Watanabe 2010) . It shows extremely weak coma activity in one of the smallest cometary nuclei ever (effective radius is 160 m) and has too small a mass-loss rate to supply the stream mass over the dynamical age of the stream (Jewitt 2006) . Fitzsimmons also found such a tail (but no coma) on R-band images taken on July 29 at the 2.0 m Faulkes Telescope North at Haleakala, although no tail was in present in the data on May 10 and 14 (Warner & Fitzsimmons 2005) . Warner (2006) measured its rotational period to be 8.369 ± 0.005 hr on the same nights in 2005, and recently, DeMeo & Binzel (2008) obtained the reflectance spectrum using the NASA Infrared Telescope Facility and found it is classified as a T-type based on the Bus taxonomy (Bus 1999) with an albedo p v = 0.03 ± 0.01. Judged by the observations described above and the orbital association with the α-Capricornid meteoroid shower, 169P/ NEAT is apparently a dying comet just before its extinction. In this paper, we present physical observations of 169P/NEAT, including limits on coma activity, mass-loss rate, fractional active area on the nucleus, size, rotational period, and colors.
OBSERVATIONS
Observations were carried out on the nights of UT 2010 February 17-19 and 22 using the Plaskett 1.85 m diameter parabolic mirror telescope at the Dominion Astrophysical Observatory (hereafter, DAO 1.8), which is located in Victoria, BC Canada (123.
• 24 24. 0 00. 0 W, 48.
• 0 37. 0 48. 0 N). An E2V 4608 × 2048 pixel charged-couple device camera was employed at the f/5 Newtonian focus. We used a 2 × 2 binned image scale 0. 62 pixel −1 , giving a field of view approximately 23. 9 × 10. 6. Images were taken through both the Sloan Digital Sky Survey (SDSS) u g r i z -filter system (Fukugita et al. 1996; Clen et al. 2007 ) and the Johnson R-filter (hereafter R J ) system with the telescope tracked non-sidereally to follow the motion of 169P/NEAT at rates of about 100 hr −1 . A range of integration times from 30 s to 60 s was taken with each filter. Images were corrected by subtracting a bias image and dividing by a bias-subtracted flat-field image, the latter constructed from 
The journal of observations is given in Table 1 . The median FWHM varied from ∼2. 7 to 4. 0 through the observations. Object 169P/NEAT shows point-like images in our data (see Figure 1 ). Photometry was performed using synthetic circular apertures projected onto the sky. The photometric aperture radius used was twice the FWHM in the image (∼5. 4-8. 0) and the background sky brightness was determined within a concentric annulus having projected inner and outer radii of 14. 0 and 28. 0, respectively. Photometric results are listed in Tables 2 and 3. 3. OBSERVATIONAL RESULTS AND DISCUSSION
Surface Brightness
We modeled possible steady mass loss from 169P/NEAT using a seeing-convolution model (Luu & Jewitt 1992) . For this purpose, we used 20 r -band images taken on UT 2010 February 17 (Table 1) , all free of background contamination. Individual images were rotated to be horizontal to the direction of the motion of 169P/NEAT and shifted using a fifth-order polynomial for pixel interpolation. The images of the background stars appear aligned and trailed in the data, which were then combined into a single image (total integration time of 600 s). The resulting refined image of 169P/NEAT has an FHWM of 2. 8 with a high signal-to-noise ratio: S/N 300 (see Figure 1) . The seeing was determined from the point-spread function (PSF) of a field star and convolved with basic comet models of "nucleus plus coma." Model images are 100 × 100 pixels in size, representing the nucleus as a "point source" located at the central pixel and circularly symmetric comae of varying activity levels whose surface brightness varied inversely with distance from the nucleus. The parameter η( 0) defined by the ratio of the scattering cross sections of the coma and nucleus, which corresponds to the ratio of the flux densities scattered by the coma and by the nucleus cross section, was used to characterize comaactivity levels on preconvolution models. The case with η = 0 corresponds to no coma, while equal areas in the coma and the nucleus are expressed by η = 1 (Luu & Jewitt 1992) .
Figure 2 compares normalized surface brightness profiles of 169P/NEAT, the star (solid line) and seeing-convolution models with coma levels of η = 0.10, 0.15, and 0.20 (dotted lines). We measured the PSF of 169P/NEAT in directions both parallel and perpendicular to the motion of the comet, the latter being used to determine the profile from trailed field star. Each profile was averaged along the rows over the entire width of the comet and the field star after subtracting sky background. Error bars show the result of uncertainty in the determination of the sky background adjustment to the object, suggesting that the activity level of 169P/NEAT is η 0.2.
The normalized profiles of 169P/NEAT and the field star are very similar with tiny differences attributed to noise. To find the possible presence of coma, we used the relation given by Jewitt & Danielson (1984) 
where r c (φ) is the total magnitude of the coma inside a circle of radius φ in arcsec and Σ(φ) is the surface brightness at projected radius φ. The upper limit to the coma surface brightness at φ = 5. 6 (double the seeing) can be set to be Σ(5. 6) 25.2 mag arcsec −2 . Substitution into Equation (3) gives r c (5. 6) > 19.4 mag. This is 3.5 mag (factor of ∼25) fainter than the magnitude of the comet in the image used to measure the surface brightness profile, 15.9 mag in the r band, meaning that a steady state coma can contribute at most a fraction 10 0.4(r −r c (5.6)) ∼4% of the total light from 169P/NEAT. Therefore, we conclude that the surface brightness profile of 169P/NEAT has little contamination from a steady state coma.
Size and Active Fractional Area
The results of the r -and R J -band photometry are summarized in Table 3 . The r -band filter was used on the nights of UT 2010 February 18 and 19, and R J -band filter was used on the night of UT 2010 February 22 because of a telescopic filter arrangement. All red images were converted into the Kron-Cousins filter system R c (see again Table 3 and the Appendix). The absolute red magnitude R c (1, 1, 0) is computed from the apparent red magnitude, R c , using
where r and Δ are the heliocentric and geocentric distances (both in AU), α (deg) is the phase angle (Sun-Object-Earth), and β is the phase coefficient (mag deg −1 ). We assumed the value β = 0.04 mag deg −1 that is typical for the nuclei of JFCs observed so far (Lamy et al. 2004) .
The object's absolute magnitude R c (1,1,0) is related to the effective nucleus radius in meters, r e , based on Russell (1916) (Table 3) , then yields r e = 2.3 ± 0.4 km.
The comet 169P/NEAT shows point source-like surface brightness. From the observation we may estimate the maximum allowable coma activity. Under the assumption that volatile material (= water ice) still exists and occupied the nucleus surface, we can compute limits both to ongoing mass-loss rate and fractional active area on the surface. The approximate rate of the isotropic dust ejection from the object is formalized as a function of the parameter η (Section 3.1), and given by (Luu & Jewitt 1992 
where ρ grain = 600 kg m −3 is the assumed bulk density of the cometary grains (Weissman et al. 2004; A'Hearn et al. 2005) , a = 0.5 × 10 −6 m is the assumed mean grain radius, r e = 2300 ± 400 m is the effective radius of 169P/NEAT, θ is the reference photometry aperture radius of 50 pixels (31 ), and r = 1.43 AU, Δ = 0.47 AU (Table 1 ). The calculated limit to the mass-loss rate is dM/dt 5.7 ± 1.4 × 10 −2 kg s −1 , with η 0.2. The active fraction on the nucleus surface, f, needed to supply dM/dt is calculated via (Luu & Jewitt 1992) 
where dm/dt is the specific sublimation mass-loss rate of water in kg m −2 s −1 . The dust-to-gas ratio is assumed to be 1 (Greenberg 1998; Luu & Jewitt 1992) and dm/dt is calculated from the energy-balance equation (Fernández et al. 2003; Buratti et al. 2004 ). The latent heat of sublimation for water at temperature T [K] can be expressed by L(T ) = (2.875 × 10 6 )-(1.111 × 10 3 )T in J kg −1 , taking the polynomial fit to the thermodynamic data in Delsemme & Miller (1971) . The parameter χ represents the distribution of incident solar power across the surface of the nucleus in which χ = 1 corresponds to a flat plate oriented perpendicular to the Sun, χ = 2 to an isothermal hemisphere and χ = 4 to an isothermal sphere.
The specific sublimation mass-loss rate can be derived iteratively using the temperature-dependent water vapor pressure given by Fanale & Salvail (1984) . A maximum value of χ = 4 (an isothermal sphere) provides a maximum active fractional area with the minimum specific sublimation mass-loss rate. At 1.43 AU, Equations (7) and (8) give f = 2.3 ± 0.8 × 10 , they are difficult to distinguish from asteroids owing to the difficulty of detecting very faint coma activity (Luu & Jewitt 1992) . The small active surface fraction of 169P/ NEAT with upper limits of f < 10 −4 is much less than any other comet and no significant coma is presently found, suggesting the existence of refractory surface mantle (A'Hearn et al. 1995) .
Rotational Period and Shape
The photometric data (Table 3) show systematic variations that are larger than the measurement errors. The variation is likely due to rotation. To find the rotational period for 169P/ NEAT, we used the spectral analysis technique that employs the Discrete Fourier Transform algorithm (Lomb 1976; Scargle 1982) . In this method, the spectral power as a function of angular frequency is evaluated by the quality of the fit at a given frequency in the data. The frequency with the maximum power shows the highest significance level, which is taken to reflect the most likely periodicity in the data. The expected light curves of minor bodies in the solar system are double-peaked, produced by an asymmetric and elongated shape, which we also assumed for 169P/NEAT. The results of the spectral analysis are summarized in Figure 3 . The amplified view around the peak is shown as well. The frequency spacing is about Δν ≈ 1/50,000 rotations day −1 . The highest peak occurs near the frequency ν = 2.85388 rotations day −1 (P rot = 0.3504 day), therefore we conclude that the true double-peaked rotational period of 169P/NEAT is P rot = 8.4096 hr (Figure 4) . The uncertainty on the period is estimated by the acceptable range of frequency given by the significant level, 2.85349 ν 2.85427 (8.4085 hr P rot 8.4108 hr), producing an estimated error of ±0.0012 hr.
The light curve fitting reveals the maximum photometric range of 169P/NEAT to be ΔR c (1, 1, 0) = 0.29 ± 0.02. This gives a lower limit to the intrinsic axis ratio, a/b, between long axis a and short axis b. Assuming the object's rotation axis is perpendicular to our line of sight, the ratio is expressed as 10 0.4ΔR c (1,1,0) . We find a/b = 1.31 ± 0.03. Our observations of 169P/NEAT indicate a more sphere-like shape than typical of cometary nuclei which often are elongated bodies with a/b 1.5 (Jewitt 2004 ). Albedo differences on the surface of JFC nuclei (examples: 19P/Borrelly and 9P/Tempel 1) also could cause a significant part of this light curve amplitude (Buratti et al. 2004; Lamy et al. 2007; Li et al. 2007a Li et al. , 2007b . Under the assumption that 169P/NEAT is held together against rotational disruption only by its own gravity, a minimum density ρ min for 169P/NEAT can be derived from ρ min = 1000 (3.3 hr/P rot ) 2 (a/b) using P rot in hours and its axis ratio (Harris 1996; Pravec & Harris 2000) , giving ρ min = 200 kg m −3 . A density lower limit for typical JFC nuclei is estimated to be near 600 kg m −3 with a couple of dozens samples (Lowry & Weissman 2003; Jewitt & Sheppard 2004; Snodgrass et al. 2006 Snodgrass et al. , 2008 , and the work of Jewitt & Sheppard (2004) implies that their rotationally stable conditions would require a density of over 500 kg m −3 . According to those statistical results, the density of 169P/NEAT is apparently lower (half or less) than typical JFC nuclei and its rotation is likely to be unstable.
It should be noted that observations of 169P/NEAT taken by Warner (2006) on the nights of UT 2005 July 28 and 29 gave P rot = 8.369 ± 0.005 hr and a/b ∼ 1.45 (asymmetric doublepeaked light curve shape), which do not match our measurements even considering errors. Possibly, non-principal axis rotation of 169P/NEAT may be inferred from those of differences. Much more likely for cometary nuclei, non-central outgassing could generate torques that change the angular momentum of nucleus (spin period) and the object could be driven into an excited rotational state (Jewitt 1997) . Simultaneously, and acting in opposition to this, the related motion creates periodic internal friction in the nucleus, leading the nucleus back to the minimum rotational energy state (damping of spin). Here, we calculated the timescale for rotational excitation τ ex (Jewitt 1997 ) to find if the state is ongoing, and the critical object radius needed to remain in the excited state taking timescales of excitation and damping (Burns & Safronov 1973) to be equal, then
where ω = 2π/P rot is the angular spin rate corresponding to rotational period, ρ n (= ρ grain = 600 kg m −3 ) is the density of the nucleus, V th is the assumed mass-weighted outflow speed (Samarasinha et al. 1986; Jewitt 1991) , k T is the dimensionless moment arm for the torque (Jewitt 1997) , μ (N m −2 ) is the rigidity, Q is the quality factor (fractional loss of energy per cycle), and K 3 is the shape-dependent numerical factor. We followed Harris (1994) and took μQ = 5.0 ×10 11 (N m −2 ) and K 3 2 ≈ 0.03 (based on the data for Phobos). V th = 500/ √ r (r = 1.43 AU given by Table 1 ) was used (Jewitt 1991 (Jewitt , 2002 , and the dimensionless moment arm has been estimated 0.01 k T 0.05 (Jewitt 1997; Gutiérrez et al. 2003 ), so we adopted those of the median value k T = 0.025. Other parameters are given earlier (dM/dt ∼ 5.7 ×10 −2 kg s −1 , f ∼ 2.3 × 10 −5 ). We have found τ ex ∼ 1.9 × 10 5 yr < τ JFC and r e (2.3 km) < r cr (7.3 km), suggesting 169P/NEAT could maintain non-principal axis rotation.
Next, we focused on the difference in the rotational period ΔP rot ∼ 0.041 hr since 2005. This corresponds to ∼4.5 yr, which is almost consistent with P orb of 169P/NEAT. The mass loss resulting in the fractional change in the spin angular velocity ΔP rot /P rot can be computed using the equation given by Jewitt (1997) ΔP
In which V eq (= r e ω) is the equatorial velocity and ΔM/M is the fractional change in the mass, yielding a mass loss from 169P/NEAT of ΔM ∼ 7.0 × 10 9 kg per orbit. This can be compared with the total mass in the α-Capricornids meteoroid stream. The stream has a dynamical age of ∼5000 yr Notes. a N in Table 2 . b B-band data are extrapolated to the midtime 31.79653.
and the total mass is ∼10 13 -10 15 kg (Jenniskens & Vaubaillon 2010) . Assuming the observed mass loss from 169P/ NEAT is comparable at each return, in several thousand years the accumulated stream mass ought to be ∼10 13 kg (8.3 × 10 12 kg). Therefore, the origin of the α-Capricornids meteoroid stream could be formed by steady disintegration of the parent, not by a catastrophic breakup as in the case for the Geminid parent (Ohtsuka et al. 2006 (Ohtsuka et al. , 2008 Jewitt & Hsieh 2006; Kasuga & Jewitt 2008) . Table 4 shows the color results for 169P/NEAT in the BV R c I c -filter system, which were transformed from the data taken by the SDSS filter system on the night of UT 2010 February 19 (see the Appendix). Figure 5 presents the color distributions of V − R c versus B − I c for the various families of pristine bodies in the solar system (Lamy & Toth 2009; Hsieh et al. 2004 Hsieh et al. , 2009 Hsieh et al. , 2010 Jewitt et al. 2009 ). Additionally, we used the V − R c color index to derive the normalized spectral gradient, S , via , where (V − R c ) is the color index of the Sun (= 0.36) in the Kron-Cousins system, S is in %(1000 Å) −1 , and Δλ is the difference between the V-and R c -band center wavelengths, i.e., 1000 Å (from 5500 Å to 6500 Å). Table 5 summarizes the data.
Colors
The colors of 169P/NEAT are more compatible with those of dead comets within the uncertainties, rather than Jupiter Trojans that are spectrally similar to the D-type asteroids Fornasier et al. 2007; Karlsson et al. 2009 ). The main belt comets (MBCs) are predominantly C-type asteroids, which show more neutral colors than 169P/NEAT (Hsieh et al. 2004 (Hsieh et al. , 2009 (Hsieh et al. , 2010 Jewitt et al. 2009 ). We note that 169P/NEAT's color indices are much less red than those of ecliptic cometary (EC) nuclei, suggesting a different evolution stage of the surface of the object. The low activity in the present data provides confidence that the measured colors refer to the nucleus alone. The colors are flatter than the ECs' nucleus, probably because the nucleus of 169P/NEAT's surface has a refractory mantle that has evolved more than ECs and Kuiper Belt Objects (KBOs) because of the missing red matter (Jewitt 2002) . This means, a rubble mantle is to be expected on 169P/NEAT rather than the ballistic type formed by resurfacing after past outgassing of volatiles. Jewitt (2002 Jewitt ( , 2004 provides the models to infer the timescales for the (Hsieh et al. 2004 (Hsieh et al. , 2009 (Hsieh et al. , 2010 Jewitt et al. 2009 ) (see Section 3.4 and Table 5 ). (A color version of this figure is available in the online journal.) rubble mantle growth τ M and the loss of volatiles from mantled cometary nuclei τ dv ,
in which (dm/dt) mean ∼ 10 −5 kg m −2 s −1 is the assumed specific mass loss averaged around typical JFC orbit (Jewitt 2004) . L D (∼ √ κP rot ) is the diurnal thermal skin depth determined by the thermal diffusivity of porous dielectric materials (κ ∼ 10 −7 m 2 s −1 ) and rotational period of the object, corresponding to ∼6 cm for 169P/NEAT. The parameter f M is the rubble mantle fraction (fraction of the solid matter in the nucleus too large to be ejected by gas drag) calculated from the power-law-type dust size distribution and the critical radius of grain size (a c ) that is to remain on the nucleus surface. Assuming the size distribution is consistent with P/Halley (power law to the fourth power), f M for 169P/NEAT is found to be ∼0.04 and a c ∼ 5 cm. As a result τ M ∼ 0.7 yr and τ dv ∼ 1.0 × 10 5 yr. The former is much shorter than P orb and the latter is also quicker than τ JFC . Therefore, we conclude that 169P/NEAT is inactive during most of its orbit owing to rubble mantle formation and would be highly U = u − 0.854 ± 0.007.
We used the relationship between Johnson and Kron-Cousins (Fernie 1983) (V − R c ) = 0.730 ± 0.009(V − R J ) − 0.024 ± 0.004. (A6)
The data set in Table 2 was substituted into Equations (A1)-(A5), in order to obtain 169P/NEAT's colors (see Table 4 ). For converting into the Kron-Cousins system R c , we adopted (r − i ) = 0.22 ± 0.03 in Equation (A3) for the SDSS system, while R J (Table 3 ) and the averaged value V = 16.08 ± 0.03 (given by the A2) were used in Equation (A6). The resulting red color photometry in the R c is summarized in Table 3 .
